White light consists of all wavelengths of visible light, however, our perception of white has a spectral tuning defined by the responses of the univariant cone photoreceptors. The neurons mediating white and how they combine the three cone types remains controversial. Here, we investigate the neural substrates for black and white through their contribution to the variation in perceived saturation with wavelength. From classic saturation experiments, we identify experimental conditions where black-white can be isolated from hue. This enables directly comparing the spectral sensitivity of black-white to the spectral signatures of retinal ganglion cells. Paradoxically, we find cone-opponent neurons can account for blackwhite sensations.
INTRODUCTION
Our experience of color can be defined by three parameters: hue, brightness and saturation. Some of the most fundamental questions in color vision research concern how these features relate to the physical attributes of incoming light and how they are represented by neurons within the visual system. Of these three parameters, saturation has been the most difficult to link to an underlying neural substrate.
Saturation is the perceived distance of a color from white, gray or black. For example, a monochromatic blue light appears very saturated, producing little or no white sensation. Between unique blue and equal energy white, the perceived color becomes increasingly desaturated. When matched for brightness, colored lights have two components: hue and white, with the relative strengths of these two components defining perceived saturation [1, 2] .
The relative amounts of hue and white perceived in a color varies reliably as a function of wavelength. Trichromats universally agree that of the four fundamental hues (red, green, blue and yellow), yellow is the most desaturated (i.e. contains the most white). Meanwhile blue is the most saturated. Red is perceived as slightly less saturated than blue while green is perceived slightly more saturated than yellow.
This phenomenon is quantified in classic saturation experiments measured by scaling or threshold detection (Figure 1A,  1B, 1D) . The results are interpreted as reflecting the relative activity of the neural substrates for hue and white as a function of wavelength. However, the different experimental paradigms for measuring saturation produce widely different results ( Figure  1A, 1B, 1D ) [3] [4] [5] [6] , indicating that they may be measuring different aspects of saturation. Moreover, though undoubtedly related to saturation, the results of some saturation experiments do not perfectly match our perceptual experience of saturation [3] . Here we revisit the underlying assumptions made by past models and we argue that the saturation experiment in Figure  1A reflects a measure of the spectral sensitivity of the neurons mediating black and white sensations.
Our analysis begins by accounting for the activities of hue and black-white underlying the threshold change in saturation. While the "first step from white" values plotted in Figure 1A do reflect a threshold change in saturation, because the participant adjusted the intensity of a spectral light until a just noticeable difference in hue occurred (see Methods), the neural substrates for hue are being held at a constant value. Thus, we argue that because the neural substrates for the hue component are held constant, the saturation discrimination function reveals the spectral sensitivity of black and white sensations.
This interpretation reveals an opportunity. The neural substrates for both hue and black-white remain highly controversial [7, 8] and psychophysical experiments measuring saturation, hue or black-white are often limited by the need to make some assumption regarding the neural substrates for one or more of these percepts. By identifying a situation where the neural substrates for hue are held constant and their effects can be discounted, the neural substrates mediating black-white can be studied in isolation, without assuming any specific color vision theory.
METHODS

A. Saturation experiments
Here we focus on a classic experimental paradigm for quantifying the wavelength dependence on saturation, measured as the "first step from white" [6] or the "chromatic threshold with respect to white" [3] . A white light is presented to the entire field Wright & Pitt (1937) [9] . The y axis is the negative log of the chromatic purity (p c ) of the minimum amount of a spectral light that is distinguishable from white (Eq. (1)). (B) First step from the spectrum from Wright & Pitt (1935) [10] . (C) Spectral luminosity functions from the same two observers, obtained from Wright & Pitt (1935) [10] . (D) Saturation scaling experiment from Jacobs (1967) [5] .
while a monochromatic test light is added to just the circle in the center. The strength of the test light is increased until the hue is just noticeably different from the white light. In other words, until a just noticeable difference in saturation occurs. Importantly, the two lights are also matched for brightness. Then the least perceptible colorimetric purity (p c ) can be obtained by:
where L λ is the intensity of the spectral light and L w is the intensity of the white light. This metric allows expressing saturation independent of both the intensity of the white light and the wavelength of the test light. By convention, the results are plotted as the inverse log, −log(p c ), so the y-axis reads out as a measure of saturation as a function of wavelength. In other words, Figure 1A can be read as saying the participant had to increase the intensity of the yellow 570 nm light far more than the intensity of the blue 470 nm light to produce a discriminable change in saturation. While the experiment measures a detection threshold and requires the neural substrates for hue to exceed some critical value, that critical value depends on the strength of the white percept. Thus, the paradigm has been called a saturation discrimination experiment and the results are called the saturation discrimination function.
The model focuses on the "first step from white paradigm", but also references two alternative experimental paradigms. The "first step from the spectrum" experiments in Figure 1B measure the minimal amount of white that must be added to a spectral light to produce a just-noticeable decrease in saturation [4, 6] . The saturation scaling paradigm in Figure 1C asks participants to rate the saturation of equiluminant spectral lights on a fixed scale [5, 11, 12] 
B. Model
The design of classic saturation discrimination experiments did not require any assumptions about the underlying neural substrates. To determine whether midget ganglion cells can account for black-white sensations, we created a model achromatic channel that represents black and white sensations as the combined activity of OFF and ON cone-opponent midget ganglion cells, respectively. The activity of each spectral subtype of midget ganglion cell as a function of wavelength (λ) was calculated as a linear sum of the center and surround spectral sensitivities [13] .
where L, M and S represent the L-, M-and S-cone spectral sensitivities, respectively, corrected for optical density and macular pigment. The Neitz photopigment template was used, assuming peak sensitivities of 559, 530 and 419 nm and optical densities of 0.3, 0.3 and 0.35 for the L-, M-and S-cones, respectively [13] .
The center-surround balance is represented by α, β, γ, δ and for M-ON, L-ON, M-OFF, L-OFF and S-OFF midget ganglion cells, respectively. While these equations appear to maximize spectral opponency, the presence of, for example, L-cones in the surround of the L-OFF midget ganglion cell is accounted for by decreasing the α parameter. Perceived saturation, Y, as a function of wavelength, λ, was then calculated as the OFF midget ganglion cell activity subtracted from the ON midget ganglion cell activity:
where ρ, φ and ω represent the gains of the L/M-ON, L/M-OFF and S-OFF midget ganglion cells, respectively. Separate gains for the S-OFF midget ganglion cell and L/M-OFF midget ganglion cells were used to account for both the lower density of S-cones and the possibility for their signals to be amplified downstream [14, 15] . To simplify fitting, the L/M-ON gain, β, was set to 1. Each ganglion cell's response was half-wave rectified, represented by f (). The resulting curve was scaled by θ and translated along the y-axis by y 0 to align with the minima of the saturation discrimination data.
A second model based only on L/M-cone midget ganglion cells omitted the S-OFF midget ganglion cell terms.
The models were fit to published saturation discrimination curve data listed in tables [1, 3, 9, 16] in MATLAB (Mathworks) using the lsqcurvefit function. The gain of the ON channel was fixed to an arbitrary value of 1 while the OFF channel gain(s), σ and ω, were allowed to vary. The models with and without the S-OFF midget ganglion cell had eight and six free parameters, respectively. The model code will be made publicly available upon publication at https://github.com/neitzlab/SaturationModels.
C. Serial Electron Microscopy
The preparation, processing and annotation of the serial electron microscopy (EM) volume are described here briefly and in depth in our previous work [17] . An eye was obtained from a terminally anesthetized adult male macaque (Macaca nemestrina) through the Tissue Distribution Program at the Washington National Primate Research Center. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Washington. A block of inferior parafoveal retinal tissue at ∼1 mm eccentricity from the foveal center was imaged using a Zeiss Sigma VP field emission scanning electron microscope equipped with a 3View system and sectioned in the horizontal plane. In each 90 nm section, an area approximately 200 microns on a side was imaged as a 5 X 5 montage at a resolution of 7.5 nm/pixel. At ∼1 mm eccentricity, the displacement of ganglion cells from cone pedicles was minimized while still remaining in a region where most midget ganglion cells received direct input from a single cone.
The volume contained 1893 horizontal sections spanning from the ganglion cell layer through the cone pedicles. Image registration was performed using Nornir (https://nornir.github.io). Annotations were performed using Viking, a web-based, multiuser software developed in the Marc and Jones labs (https: //connectomes.utah.edu) [18] . Processes were annotated by placing a circular disc spanning the entire process at the center of mass and linking it to annotations on neighboring sections. Figures were created using SBFSEM-tools, an open source 3D visualization toolbox for connectomics data developed in the Neitz lab (https://www.github.com/neitzlab/sbfsem-tools) [17] . The 3D reconstructions will be made publicly available upon publication at https://www.github.com/neitzlab/SaturationModels.
RESULTS
A. Defining the "achromatic" channel
Hurvich & Jameson were the first to model saturation as an interaction between chromatic and achromatic channels defined by specific transformations of the cone photoreceptors. Their theory was based on the assumption that saturation represents the ratio of activity in the independent chromatic and achromatic channels, or hue and black-white [19, 20] . In their opponent process theory, Hurvich & Jameson's achromatic channel refers to black, white and gray, or the absence of a hue sensations. However, for vision scientists, "chromatic" neurons are spectrally-opponent and compare the activities of different cone types. "Achromatic" neurons are assumed to be spectrally non-opponent, summing the responses of different cone types, and cannot distinguish changes in wavelength from changes in intensity.
Accordingly, Hurvich & Jameson (1955) assumed the mechanisms mediating black-white percepts (their "achromatic channel") matched V(λ), the spectral luminosity function. Thus, "achromatic" has often been equated with luminance, V(λ), L+M-cone activity, and later, the activity of non-spectrallyopponent neurons, particularly the parasol ganglion cells ( [21] but see [22] ). Interestingly, there are other L + M ganglion cells in the primate retina with similar response properties to parasol ganglion cells [23] and the responses of L − M midget ganglion cells could also explain V(λ) [24] .
Saturation has proved to be difficult to account for by models assuming black and white percepts are mediated by neurons with spectral sensitivities matching V(λ). Figure 1A and Figure  1C shows the saturation discrimination and luminosity functions for the same two observers [9, 10] . The saturation discrimination function reliably diverges from V(λ) in two key features. The minima in saturation occurs in a sharp peak at about 570nm while V(λ) has a broad peak around 555 nm. Second, V(λ) predicts long-wavelength reds will be the most saturated, while the saturation discrimination function shows it is indeed shortwavelength blues that are the most saturated. Figure 2 shows a simple demonstration of the independence of luminance and black-white percepts. A CIE diagram is an equiluminant plane, meaning that all points in the plane should elicit equal activity in parasol ganglion cells and other neurons with spectral sensitivities matching V(λ). Thus, if V(λ) were responsible for white percepts, all points in this plane should appear equally white. Yet between equal energy white and unique blue, there is a change in percept of white. In other words, a change in white without a change in luminance, or the activities of neurons with spectral sensitivities matching V(λ).
This distinction is well summarized by a review on luminance by Lennie and colleagues (1993) : "V(λ) is a useful and well-established standard for photometry, but beyond that its significance for visual function is unclear" [24] . Indeed, the standard methods for measuring V(λ), heterochromatic flicker and the minimum border technique, do not involve judgements about the perceived whiteness or blackness of the stimuli. Moreover, experiments measuring perceived whiteness and blackness match the saturation discrimination function in Figure 1A , not V(λ) [25] . Taken together, it is clear that the spectral tuning and underlying neural substrates for black-white are distinct from those typically associated with luminance and V(λ). 
B. Can midget ganglion cells account for black-white sensations?
Increasing evidence supports the idea that midget ganglion cells mediate spatial vision (reviewed by Lennie & Movshon (2005) [22] ). We next tested whether black and white sensations can be explained by spectrally opponent midget ganglion cells. Each L-and M-cone photoreceptor in the central retina is represented twice in the retinal output, by both an ON and OFF midget ganglion cell [26] . The single cone makes up the midget ganglion cell's center receptive field, while horizontal cell feedback from neighboring cones forms the surround. This center-surround receptive field structure is key to the midget ganglion cell's role in spatial vision and is ideal for edge detection computations [8, 27] . This is important because black and white sensations are defined by the changes in intensity that occur at edges. The size of a neuron's receptive field defines their spatial resolution. During the course of a larger series of serial electron microscopy experiments in the macaque central retina, we reconstructed a neighboring OFF parasol and OFF midget ganglion cell (Figure 3) . Although their dendritic field sizes and density are well-established [28, 29] , previous methods have not independently labeled neighboring cells for direct comparison, as shown in Figure 3 . We include these data to further emphasize the disparity in their dendritic field sizes, which serves as a proxy for the center receptive field size. The OFF midget ganglion cell received input from a single cone via an OFF midget bipolar cell. Midget ganglion cells are the only neurons with the necessary density to mediate our high resolution, black-white vision [30] [31] [32] .
However, given their classification as "chromatic" neurons, midget ganglion cells have long seemed an unlikely substrate for black and white sensations. In trichromats, the difference in spectral tuning of the center and surround receptive fields, such as those in Figure 4B , results in spectral opponency [33] . The midget ganglion cell's spectral tuning is often thought of as an detriment to edge detection because it enables midget ganglion cells to detect not only edges defined by intensity, but also by changes in spectral contrast (reviewed by Patterson, Neitz, Neitz (2019) [8] ). From a single midget ganglion cell's binary spike output, it is impossible for a downstream neuron to distinguish whether the cell responded to a black-white edge or some chromatic-white edge. Thus, spectral sensitivity of midget ganglion cells defines the range of chromatic edges that a spectrally opponent neuron will confuse with black or white. This should be apparent as "distortions" in our sensations of white [25] , relative to our intuition that white light is equal across the visual spectrum. It follows that if spectrally opponent midget ganglion cells are indeed responsible for black-white percepts, the unintended consequences of their spectral tuning should be apparent in our perception of color saturation. In other words, the sensitivity of midget ganglion cells to chromatic edges may be the neural mechanism responsible for the striking variations in white and saturation with wavelength.
C. Accounting for the spatial aspects of the stimulus and the midget ganglion cell's receptive field
Models of midget ganglion cell activity that include both their spectral and spatial opponency are rare. In particular, the effects of spatial opponency on midget ganglion cell spectral tuning is often overlooked. If only spectral opponency is considered, white sensations mediated by L-ON and M-ON midget ganglion cells do not seem to account for the saturation discrimination curve (Figure 4A) . If 570 nm lights appear the most desaturated, then the neural substrates for white should be responding maximally at this wavelength. However, the approach in Figure  4A considers only the spectral tuning of cone inputs to midget ganglion cells.
To be successful, the model must also account for the spatial arrangement of those cone inputs, as well as the spatial aspects of the stimulus. Black and white sensations are defined by the changes in intensity that occur at edges. Similarly, hue sensations are defined by the changes in spectral contrast at object boundaries. Thus, the saturation of the test light is defined by the receptive fields of neurons located along an object's boundaries and the rest is handled by "filling in" at the level of the cortex [34] . If the receptive field is located at an edge and only some of the surround is stimulated, the contributions of both types now could sum to signal white at 570 nm (Figure 4B) .
D. Model
To systematically investigate the effect is Figure 4A , we created a model "achromatic channel" that represents the spectral sensitivity of black-white sensations as the combined activity of ON and OFF midget ganglion cells (see Methods). Briefly, the spectral tuning of each midget ganglion cell subtype was modeled as a weighted linear sum of the center and surround spectral sensitivities. For example, in Eq. (2), the weight parameter α represents the balance between L-cone in the center and M-cones in the surround. This parameter can be varied to account for the edge condition (Figure 4C) .
While this equation appears to maximize spectral opponency, the presence of M-cones in the surround receptive field can be accounted for by decreasing alpha, which decreases the strength of the center M-cone. This term also reduces the number of assumptions we need to make about crucial unknown variables, such as the relative strength of the center and surround receptive fields and the participant's L:M-cone ratio. Similar equations are used for the L-ON, L-OFF and M-OFF midget ganglion cells and their outputs were rectified to simulate the nonlinearity imposed by the spike threshold of a ganglion cell. By combining the equations for each spectral subtype of midget ganglion cell, we calculated saturation as a function of wavelength by subtracting the activity of the OFF cells mediating black from the ON cells mediating percepts of white.
The results align with the demonstration in Figure 4 . L vs. M cone-opponency provides a clear explanation for the sharp minimum at 570nm. However, the model fails to account for the slope of increasing saturation for short-wavelength lights. This model would predict blue and red would be equally saturated.
To account for the short-wavelength component of the saturation discrimination curve requires contribution from S-cones.
E. S-OFF midget ganglion cells
There have been reports of a rare S-cone OFF midget ganglion cell subtype that could bridge this gap. However, there has been considerable controversy regarding the existence of S-OFF midget ganglion cells and these neurons have not been incorporated into models of visual perception. However, there has also been considerable variability in the methods, species and eccentricities involved. We recently provided both anatomical and physiological confirmation of the existence of S-OFF midget ganglion cells in the primate central retina [17] . Briefly, we confirmed a single OFF midget bipolar cell contacted each S-cone, which in turn, contacted a single OFF midget ganglion cell. We recorded from S-OFF midget ganglion cells in the central retina and confirmed that, like the more common L vs. M-cone midget ganglion cells, S-OFF midgets have a center-surround receptive field consistent with a role in spatial vision.
We added an S-OFF midget ganglion cell term to the saturation model (Eq. (6), Eq. (8)). The S-OFF term was given a separate gain control from the L-OFF and M-OFF to account for the sparsity of S-cones and the potential for their signals to be amplified downstream [14, 15] . Including the S-OFF midget ganglion cell allowed our model to fit the short-wavelength region of the saturation discrimination curve. In fact, our model provided excellent fits to many saturation discrimination datasets (Figure 6) [1, 3, 9, 35] . This result is consistent with black and white sensations mediated by midget ganglion cells, and surprisingly, a potential role for S-OFF midget ganglion cells in signaling percepts of blackness.
DISCUSSION
Here we have argued that the saturation discrimination functoin reflects conditions where sensations of black-white can be isolated from hue and from controversial assumptions on the neural substrates of hue. Second, we incorporate the spatial aspects of the stimulus and midget ganglion cell receptive fields into our spectral model. This allowed us to compare the spectral tuning of black-white to the spectral sensitivities of parasol and midget ganglion cells. While our results are not causal evidence for midget ganglion cells mediating black-white sensations, we establish L vs. M and S -LM cone-opponent neurons provide the most accurate account of the neural substrates for black-white percepts and their contributions to saturation.
A. Interpreting the saturation discrimination experiment
The logic used to interpret the results of saturation experiments is as follows. The saturation of colored light depends not only on the strength of the hue response, but also the strength of the white response. If saturation is the relative portions of hue and white in a monochromatic light, then saturation experiments should measure how the relative amounts of hue and white vary as a function of wavelength. These variations as a function of wavelength reflect the spectral sensitivities of the neurons mediating hue and black-white sensations. It follows that saturation discrimination experiments can be interpreted as a comparison between the spectral sensitivities of the neural substrates mediating our percepts of hue and white.
This interpretation leads to the idea proposed by Hurvich & Jameson's model: saturation can be represented by the ratio of activity in the neural substrates for hue and black-white [20] . Priest & Brickwedde (1938) [35] , W.D.W. and P.H.G.P. from Wright & Pitt (1937) [9] .
Their model was designed to find the chromatic and achromatic channel responses necessary to give a just-noticeable change in saturation (set as a constant saturation ratio of 0.1, relative to 0 for a completely desaturated white light) [36] . Like our model, they assumed that a threshold change in saturation is correlated with a constant visual effect. However, our model decomposed the threshold change in saturation into its two components, hue and white. This led to the insight that in Figure 1A , Thus, Figure  1A can be interpeted as a situation where hue is held constant and only black-white sensations vary.
B. Different saturation experiment paradigms measure distinct aspects of saturation.
The idea that the different saturation experiments in Figure 1A , 1B, 1D might be measuring different aspects of saturation is relatively unexplored. In an early study, Purdy (1931) concluded the "first step from the spectrum" results are closely related to saturation, but do not completely match our perceptual experience of saturation [3] . Here, we reason they match measurements of black-white instead [25] . The most accurate experiment for measuring our perceptual experience of saturation may be the results of scaling experiments like Figure 1D because these tasks involve true judgements of perceived saturation. Most group the results of the "first step from white" and scaling experiments together as "generally uniform" [19] . However, there are clear, reliable differences. The scaling experiments capture both the desaturation of yellows (570-580 nm) and cyans (490-500nm), whereas Figure 1A emphasizes only the desaturation around 570nm. We propose that, unlike the "first step from white" experiments, scaling experiments engage both the neural substrates for hue and black-white simultaneously. Thus, a minima in saturation can occur because the white response is relatively strong, or because the hue response is relatively weak. Comparison with opponent response functions [20] indicate the latter is the case for the 490-500 nm region. Hurvich and Jameson's model fits scaling data best because their model of the threshold change in saturation involves the activities of both hue and black-white.
Our approach may also be able to explain the striking differences in saturation measured as the first step from spectrum (Figure 1B) [3, 4, 6] as a situation where black-white sensations are held constant and only the neural substrates of hue are predicted to vary. Thus, this experimental paradigm measures a distinct process (the neural substrates of hue) and would not be expected to match the results in Figure 1A and 1D. Although future experiments sampling more wavelengths are necessary, this idea could explain changes in the results of the "first step from the spectrum" experiment reported by Yeh and colleagues (1993) at very low light levels [6] .
Finally, saturation is not only the perceived distance from white, but also black and grey. Saturation experiments measuring perceived distance from white were the focus of this work because they are the most straightforward to perform and interpret. As detailed above, our sensations of black and white are defined by the changes in intensity that occur at edges. Because white percepts are relative, rather than absolute, the neural substrates for black are engaged even in the "first step from white" experiments. That being said, certain measurements of induced blackness and grayness diverge from V(λ) [37] and resemble the saturation discrimination function [38, 39] , suggesting the analysis presented here could be applicable.
C. Black-white sensations can be accounted for by spectrallyopponent midget ganglion cells
Our model demonstrated that L vs. M cone opponency can explain the sharp minima in saturation around 570 nm. Additional support for the idea that cone-opponent neurons mediate blackwhite can be seen in the saturation discrimination functions of dichromats [16, [40] [41] [42] . The effect of a missing L-, M-or S-cone on the spectral luminosity function, V(λ) is predictable -the peak shifts towards the remaining long-wavelength cone type (Figure 7B) . However, the effect of dichromacy is more complex for saturation discrimination functions. As shown in Figure  7A , the sharp decrease in saturation around 570 nm is absent for protanopes and deuteranopes, but remains desaturated for tritanopes ( Figure 7D ) [41] . Interestingly, for deuteranopes and protanopes, the saturation discrimination functions are closer to matching the physical nature of white (i.e. equal sensitivity at all wavelengths) than the spectral luminosity functions. Surprisingly, S-OFF midget ganglion cell contribution was essential to fully explain the saturation discrimination function. The idea that S-OFF midget ganglion cells contribute to sensations of blackness is surprising, but consistent with the receptive field properties of S-OFF midget ganglion cells in the central retina [17] . Evidence for blue cone contribution to edge and form vision [43] . Though S-OFF midget ganglion cells are far rarer than L/M-OFF midget ganglion cells, their contribution may be stronger because there is no opposing response from S-ON midget ganglion cells. An interesting avenue for future research will be to explore whether the S-OFF midget ganglion cells can explain any of the well-documented asymmetries in the S-cone ON and OFF pathways. Chapanis (1944) [16] . (C) Saturation discrimination function for a tritanope, from Cole (1965) [41] . (D) Average spectral luminosity functions for seven tritanopes compared to a trichromatic observer obtained under the same conditions, from Wright (1952) [42] .
D. Parasol ganglion cells are not necessary to explain blackwhite percepts
We find black-white percepts can be explained entirely by midget ganglion cells. While we cannot rule out minimal parasol ganglion cell contribution at some level, the responses of L + M neurons are ill-suited for mediating the elementary sensations of black-white. As demonstrated in Figure 1C and 2, the correlation between parasol ganglion cell responses and V(λ) is a separate issue distinct from sensations of black and white [21] . There is increasing evidence for and acceptance of the idea that midget ganglion cells mediate spatial vision, the highresolution edge detection that defines our percepts of black and white [31, 32, [44] [45] [46] . An open question is what the function of parasol ganglion cells could be, if not spatial vision. One possibility is that parasol ganglion cells may be better suited for motion than high resolution spatial vision. Lesions of the magnocellular pathway do not alter spatial vision but do impair motion detection [47, 48] . The speed and trajectory of a moving object can be decoded from the responses of a population of parasol ganglion cells [49] and we recently demonstrated motion sensitivity in individual parasol ganglion cells [50] .
CONCLUSIONS
In a classic study on saturation discrimination, Purdy (1931) remarked, "No theory of color vision, however, can be regarded as adequate if it does not account for the laws of saturation as well as those of hue." [3] . We demonstrate that an black and white percepts mediated by spectrally opponent midget ganglion cells provides the most accurate account to date of the physiological mechanisms underlying saturation.
